Aromatics have a broad application in our everyday life ranging from plastics, coatings and fibres, to food and pharmaceuticals. To date the bulk of these aromatics is derived from naphtha-based petrochemistry. However, recent progress in the fermentative production of metabolites using renewable resources and engineered microbes has enabled the production of bio-precursors, such as 4-amino benzoic acid (pABA) and 2-amino benzoic acid (oABA). In this work we explored the feasibility of Sandmeyer reactions for the conversion of pABA to terephthalic and oABA salicylic acid, providing two very important platform chemicals for the chemical and pharmaceutical industries. We could demonstrate that both acids can be obtained from the amino benzoic acids derived from the shikimate pathway in microbes and plants. Good conversions could be achieved using Sandmeyer reactions at mild conditions with biodegradable reagents and without organic solvents.
Introduction
In nature, 4-aminobenzoic acid (pABA) and anthranilic acid (2-aminobenzoic acid, oABA) are aromatic inter-* Corresponding author.
mediates that are derived from chorismic acid, an intermediate of the aromatic amino acid biosynthesis. pABA is a precursor in folate synthesis in bacteria, yeast and some plants and a precursor of Coenzyme Q [1] [2] , while its isomer oABA is a precursor of the aromatic amino acid tryptophan. Chemically synthesized pABA currently finds application as a sun-blocker, functional food, in diagnostic tests [3] [4] , dyes, drug design, and as crosslinking agent for polyurethane resins [5] .
In recent years, the biotechnological production of pABA and oABA from sugar using bacteria or yeasts [5] - [7] has become a focal point in biotechnology and current yields are moving beyond proof-of-principle stages, opening the possibility of future applications, such as the use of the metabolites as a precursor for synthesis of more commonly used bulk compounds.
Two petrochemicals that stand out because of structural similarity to the bio-molecules pABA and oABA are terephthalic (TA) and salicylic acid (SA), respectively. Purified TA is one of the most important aromatic feedstocks in the chemical industry with an annual global market of over 50 Mio tonnes. TA is mainly synthesized through oxidation of p-xylene (Amoco process). Although SA was first identified in willow bark [8] , most salicylic acid is now synthesized from phenol (generally obtained from petrochemicals) via the Kolbe-Schmitt reaction [9] [10] (Figure 1) .
We hypothesized that by performing Sandmeyer cyanations on pABA and oABA and hydrolysing the resulting cyanobenzoic acids, it would be possible to synthesise the corresponding phthalic acids without the use of organic solvents and with easily degradable reagents. To further study this chemistry and the employment of the metabolites as chemical precursors, we carried out Sandmeyer cyanations and chlorinations on pABA and oA-BA, thus testing the utility of this process to synthesize phthalic acids and chlorobenzoic acids from biological precursors and avoiding the use of petrochemicals. Although straightforward, these processes have not been reported to date, nor has their utility for the industrial preparation of TA and SA been explored because they have not been economical to date compared to established processes using petrochemical feedstocks. However, there is now a growing awareness in the need to develop processes for the synthesis of sustainable feedstocks derived from renewable resources, and aminobenzoic acids from the shikimate pathway which satisfies that prerequisite.
Experimental Section

Reagents and Analysis
Analytical grade (A.R.) anthranilic acid and 4-aminobenzoic acid from Sigma-Aldrich were employed in this synthesis. Inorganic reagents (A.R. grade) were purchased from Univar. NMR were carried out in DMSO-D6 and CDCl3 using a 400 MHz Oxford Cryogenics systems apparatus, and were calibrated to the respective solvent peaks [11] . Melting points are corrected to a commercial sample of salicylic acid.
General Procedure for Synthesis of TA
4-Aminobenzoic acid (5.00 g, 36.5 mmol) was suspended in sulfuric acid (0.50 M, 72 ml) and allowed to sit for 18 h. The suspension was cooled on ice. Cold sulfuric acid (1.0 M, 40 ml) was added to sodium nitrite (2.62 g, 37.9 mmol, 1.04 eq.) in cold water (40 ml) (CAUTION-some HNO2 evolution occurs). The resulting nitrous acid solution was added to the suspension of 4-aminobenzoic acid and the mixture stirred on ice until the solid had completely dissolved. Meanwhile, copper(II) sulfate pentahydrate (288 mg, 1.15 mmol: 3%) in water (5.0 ml) was reduced to copper(I) sulfate using sodium bisulfite (60 mg, 0.58 mmol). The resulting copper(I) salt was added to potassium cyanide (4.10 g, 87% pure by the Liebig test, 54.8 mmol: 1.5 eq.) in cold water (50 ml). The diazonium salt solution was neutralised with sodium bicarbonate (9.70 g) and then added to the copper(I) cyanide complex (CAUTION: excess acid may result in HCN formation), whereupon a gas was evolved slowly and a dark precipitate formed. The reaction mixture was maintained at 0˚C -5˚C for a further 20 h, after which the mixture was allowed to warm to room temperature. Hydrogen peroxide (30 % w/v, 10 ml) and sodium hydroxide (5.0 g) were added, dissolving the precipitate. The solution was filtered through a Whatman 541 paper the mixture was heated under reflux for 16 h. Terephthalic acid was precipitated using 1 M sulfuric acid (200 ml). The precipitate was collected by gravity filtration, washed with de-ionized water and allowed to dry. Yield = 5.56 g (>90% pure by NMR, 30.1 mmol: 82%). 1H and 13C NMR were consistent with the literature [12] .
Short-path vacuum sublimation (250˚C, 0.1 mbar; lit. [13] sublimes at 407˚C at 760 mm Hg) slowly afforded an off-white solid of >95% purity by NMR.
General Procedure for Synthesis of SA
Sodium nitrite (2.64 g, 38.3 mmol) was added to a stirred suspension of 4-aminobenzoic acid (5.00 g, 36.5 mmol) in sulfuric acid (1.0 M, 55 ml) at 0˚C. The ice bath was removed and mixture was heated under reflux for 5 h. A solid was obtained upon cooling, which was recrystallized from hot water to afford salicylic acid (3.05 g, 61%), mp 156.5˚C (lit. [14] 159˚C for SA). 1H and 13C NMR spectra were identical to a commercial sample.
Results and Discussion
Conversion of pABA to TA
The corresponding diazonium salts formed by the reaction of acid pABA with sodium nitrite was uncharacteristically sensitive to nucleophilic attack by water and, under alkaline conditions, excess nitrite. Consequently, hydroxylation nitration was competing processes in these Sandmeyer reactions. 4-Hydroxybenzoic acid was a significant by-product of the chlorination of pABA, even when a ten-fold excess of HCl was used, making the synthesis of 4-chlorobenzoic acid from pABA unattractive. Fortunately, 4-cyanobenzoic acid (and correspondingly, terephthalic acid) with low levels of impurities could be obtained when cyanation was carried out with careful control of temperature and pH in the presence of catalytic copper(I) and an excess of potassium cyanide. In order to limit nitration, we found that the best results were attained when nitrous acid was generated in situ from sulfuric acid and sodium nitrite prior to addition to pABA in cold dilute sulfuric acid. Neutralization of the corresponding diazonium salt with sodium bicarbonate and transfer of the diazonium salt to sodium cyanide in the presence of copper(I) sulfate, and heating under reflux with sodium hydroxide, led to the formation of sodium terephthalate (Figure 2) .
Good yields (approximately 80%) of crude TA could then be precipitated with 1 M sulfuric acid, resulting in a one-pot aqueous synthesis of terephthalic acid from solution with inexpensive and environmentally benign reagents. Both the synthesis and the hydrolysis of 4-cyanobenzoic acid have been infrequently reported [15] - [17] , but this is the first reported example of the synthesis of terephthalic acid from pABA as continuous process.
The precipitate generated by this procedure was more than 90% pure by NMR, with trace quantities of several para-substituted aromatics also present. Several processes have previously been reported for the purification of terephthalic acid generated from the oxidation of p-xylene [18] . However, commercial processes for the purification of TPA to the highly pure material necessary for polymerization (impurities at concentrations of less than 25 ppm) involves several steps that require high-pressure reactors (for example, hydrogenation in water at 250˚C), and are anyhow optimized for side products formed during the AMOCO process such as 4-carboxybenzoic acid [18] . As such, purification processes required for polymer-grade TPA will need to be re-assessed on an industrial scale were the synthesis of TPA from pABA to be commercialized. However, the authors did observe that the purity of TPA generated by this process could be improved significantly by sublimation under vacuum and we suggest that this may prove to be a useful purification step.
Conversion of oABA to SA
The diazonium salts of pABA were less susceptible to nucleophilic attack by the chloride ion, and we could not prevent significant levels of hydroxylation when attempting to synthesise 4-chlorobenzoic acid. The diazonium salt of oABA was even more susceptible, and we could not produce useful amounts of phthalic acid using the same methodology as reported above. However, although the diazonium salt of oABA is too susceptible to hydroxylation for the Sandmeyer reaction to be useful for the production of phthalic acid or more diverse products, this susceptibility does provide a particularly facile route to 2-hydroxybenzoic acid (salicylic acid). Catalytic cuprous salts were not required for this hydroxylation. oABA could be converted into SA simply by the addition of sodium nitrite to oABA in aqueous acid and heating the mixture under reflux (Figure 3) . Highly pure SA could be recovered in approximately 60% yield by recrystallization from water. Unlike the above mentioned TA, SA can also be directly produced in fermentation [19] , but the presented method provides an option to develop bio-based oABA into a platform chemical than can then be used directly or converted to different products.
Conclusion
The shikimate pathway derived aminobenzoic acids pABA and oABA have become interesting target compounds for biotechnology. We show here that they are suitable precursors for synthesis of terephthalic and salicylic acids, respectively. The reported Sandmeyer reactions are free of organic solvents and low excesses of inexpensive reagents which, although toxic, can be degraded into harmless products. This work lays the basis for industrial chemists to develop a scalable process for the synthesis of terephthalic acid and salicylic acid from renewable resources.
